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Apolipoprotein E (APOE) has multiple functions in metabolism and immunoregulation. Its
common germ line variants APOE2, APOE3, and APOE4 give rise to 3 functionally distinct
gene products. Previous studies reported yin-yang roles of APOE2 and APOE4 in
immunological processes, but their effects in hematopoietic stem cell transplantation
(HSCT) have never been studied. We performed APOE genotyping in 2 contemporary
cohorts of 348 and 447 patients with acute myeloid leukemia who had received allogeneic
HSCT and evaluated the associations of recipient and donor APOE genetic variations with
posttransplant outcomes. Patients who carried at least 1 APOE2 allele had a higher risk of
posttransplant death than APOE4 carriers in the discovery (hazard ratio [HR], 2.09;
P = .024) and validation cohorts (HR, 1.96; P = .040). Detrimental APOE2 effects were
driven by an increased risk of severe chronic graft-versus-host disease (GVHD; adjusted
HR [HR,q, 1.85; P = .034) and nonrelapse death (HR.y;, 1.72; P = .044). In non-APOE2
/ recipients, transplantation of an APOE2-positive allograft was associated with an

increased incidence of grade 3 to 4 acute GVHD (HR.q4;, 2.82; P = .012) and severe chronic
GVHD (HR.4;, 2.54; P = .022) compared with APOE2-negative grafts. In summary, the APOE2 allele, typically
considered a longevity gene in the general population, was associated with a higher risk of acute GVHD (HR.q;, 2.75;
P =.002), chronic GVHD (HR,q; 2.57; P = .001), and posttransplant mortality (HR.q;, 1.79; P = .004), when present in
either the host or transplanted from the donor.

® Patients with acute
myeloid leukemia who
carry an APOE2 allele
have inferior survival
after allogeneic
transplantation.

® The APOE2 allele is
associated with an
increased risk of acute
and chronic GVHD
when present in the
host or transferred
from the donor.

alleles are more prevalent in African Americans than in White

Introduction

Apolipoprotein E (APOE), in addition to its canonical functions
in lipid metabolism, modulates several inflammation-related
pathophysiological processes, including atherosclerosis,
neurodegeneration, infection, and antitumor immunity.”® In
humans, the APOE gene locus, located on chromosome
19913.32, carries 2 single-nucleotide polymorphisms (SNPs) at
rs429358 and rs7412, which result in 3 highly prevalent genetic
variants (Figure 1A): APOEZ2 (frequency, 10%-15%), APOE3
(60%-70%; the reference allele present in the majority of the
population), and APOE4 (15%-20%).”° Within the general
global population, allele frequencies vary across geographical,
racial, and ethnic groups.'®"'® For example, APOE2 and APOE4

peoples,”'* whereas APOEZ is almost absent in Native Amer-
ican populations.’? Interestingly, the allele frequency of APOE4
gradually increases with latitude in North America and Eura-
sia.”" In Europe, APOE4 frequencies range from 5% to 6% in
southern Italy to 23% in Finland, whereas APOE3 follows an
opposite trend, and APOE?2 frequencies are relatively stable."’
Although the encoded isoforms differ by only 1 or 2 amino
acids, these changes have profound effects on their structure,
activation of APOE receptors, and functional properties, even
resulting in orthogonal biological effects.>'>'® As an example,
although APOE4 is a major risk factor for the onset and pro-
gression of Alzheimer dementia and other neurodegenerative
diseases,’''" APOE2 is protective and associated with a
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Figure 1. Recipient APOE carrier status and posttransplant survival in patients with AML. (A) Schematic representation of the 3 hereditary isoforms APOE2, APOE3, and
APOEA4, rendered using ChimeraX.”* (B) Distribution of APOE carrier status in the Miinster and CoBi cohorts, compared with patients with AML without HSCT from Beat AML 2
and previously published general population epidemiologic cohorts.””'* Cohorts genotyped in this work are marked in bold. (C) Kaplan-Meier estimates for OS by APOE
carrier status in transplant recipients in the Minster discovery cohort. (D) Kaplan-Meier estimates for OS by APOE carrier status in transplant recipients in the CoBi validation
cohort. (E) Kaplan-Meier estimates for OS by APOE carrier status in patients with AML who did not receive transplant from the Beat AML project. (F) Kaplan-Meier estimates for
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More recently, APOE variants have been shown to play a critical
role in antitumor immunity.*?*?> Cellular mediators of APOE
effects include myeloid-derived suppressor cells, dendritic cells,
monocytes, macrophages, and T cells.*>?*?” In melanoma,
individuals who carried at least 1 APOE4 allele showed reduced
tumor progression and prolonged survival compared with
APOE2 carriers under immune checkpoint blockade, suggest-
ing opposing effects of APOE2 and APOE4 in cancer immu-
notherapy.® In COVID-19, the APOE2 variant was associated
with proinflammatory signaling, whereas APOE4 was associated
with reduced immune activation and delayed antiviral activity
upon initial infection but robust antiviral T-cell immunity at later
disease stages.’

Inspired by the emerging functions of APOE and its variants in
modulating immunity, we sought to investigate the impact of
APOE germ line variation in the context of allogeneic
hematopoietic stem cell transplantation (HSCT), one of the
oldest forms of cancer immunotherapy,”® whose success criti-
cally depends on a balanced titration of immune reactions. To
this end, we genotyped APOE polymorphisms in 795 patients
with acute myeloid leukemia (AML) from 2 contemporary
cohorts who underwent HSCT. The fact that APOE, although
primarily synthesized in the liver,?? is also expressed in mono-
cytes, macrophages, dendritic cells, and neu‘trophils,Zé"m'31 and
that hematopoietic-derived APOE modifies inflammatory pro-
cesses in a genotype-dependent fashion,??*? allowed for us to
address both the effects of the APOE genotype of the stem cell
recipient and the donor.

Patients and methods

Study population

In this retrospective study, we analyzed APOE germ line varia-
tion in 2 large cohorts of adult patients with AML aged >18
years who underwent a first allogeneic HSCT in hematological
remission. The initial discovery cohort consisted of 348 patients
who underwent transplant at the University Hospital Miinster,
Germany, between 2014 and 2024. Clinical data were retrieved
from electronic medical records. Genomic DNA isolated from
peripheral blood mononuclear cells and biobanked as part of
clinical routine was used for APOE genotyping. Corresponding
donor DNA was available for 330 patients. An exploratory
immune subpopulation analysis by APOE status included all
patients with available data, and patients with relapse or graft-
versus-host disease (GVHD) were not excluded. The study was
approved by the Ethics Committee Westphalia-Lippe (2023-
032--S) as well as by the Scientific Committee of the Collabo-
rative Biobank.

The validation cohort consisted of 447 patients with AML who
were prospectively enrolled from 7 centers to the German
Collaborative Biobank (CoBi) between 2017 and 2023. CoBi is a
nonprofit multicenter registry of German stem cell

transplantation and collection centers and has been approved
by the Ethics Committee in Dresden (EK 159042016). All
patients have provided signed informed consent for longitu-
dinal deidentified clinical data storage and DNA biobanking
from whole blood samples. Donor DNA was available for 153
patients. Transplant recipients who were enrolled in the CoBi
registry at the University Hospital Minster were excluded from
the CoBi data set.

APOE genotyping

APOE genotyping was performed on genomic DNA using a
Tagman-based qualitative real-time polymerase chain reaction
for positions 112 (rs429358) and 158 (rs7412). Detailed infor-
mation is provided in supplemental Methods, available on the
Blood website. For analysis of the Beat AML 2 cohort,** based
on granted access to the database of genotypes and
phenotypes-controlled part of the Beat AML project
(phs001657.v2.p1), we extracted APOE SNPs from whole-
exome data, as described in supplemental Methods. For the
UK Biobank general population cohort,® APOE genotyping
results, clinical data, and survival data were downloaded from
the respective data portal on 22 June 2021. Across all cohorts,
individuals who were heterozygous or homozygous for APOE2
or APOE4 were grouped together as APOE2 or APOE4 carriers,
respectively, as previously done,”*® and individuals with the
rare APOE4/2 genotype were excluded because of ambiguous
and possibly opposing biological effects and small numbers.>*

Outcomes and biostatistical analysis

The study was focused on the analysis of the APOE gene alone,
based on its biological functions reported in immune-related
diseases, and was not part of a larger genome-wide associa-
tion study. Clinical baseline characteristics were compared
using the 32 or the Fisher exact test for categorical variables and
the Mann-Whitney U test or the Kruskal-Wallis test for contin-
uous variables. The primary end point was overall survival (OS).
Secondary end points were exploratory and included grade 3 to
4 acute GVHD, severe chronic GVHD, nonrelapse mortality
(NRM), relapse, and GVHD- and relapse-free survival (GRFS) by
recipient and donor APOE genotype. Time-to-event variables
were calculated from the day of HSCT and were estimated
using the Kaplan-Meier or the Aalen-Johansen method. OS was
defined as the time from the date of HSCT to death from any
cause. Death without AML relapse was regarded as a
competing risk for estimating the cumulative incidence of
relapse, and relapse was regarded as a competing risk for
estimating the probability of NRM. Relapse and death without
GVHD were competing risks for GVHD. GRFS was defined as
the time to grade 3 to 4 acute GVHD, severe chronic GVHD,
AML relapse, or death, whichever occurred first. Acute GVHD
was graded according to Harris et al,®” and chronic GVHD was
graded according to Jagasia et al.*® Primary causes of death
were defined according to previously published definitions.>”

Cox regression was used to examine the association of host or
donor APOE germ line variation with the hazard of an event in
the presence of potential confounders. Fine-Gray regression

Figure 1 (continued) OS by APOE carrier status in UK Biobank participants over a 3-year observation period from 1 January 2017. Data were censored on 31 December 2019.
Survival of UK Biobank participants from April 2019 to March 2021, encompassing in part the COVID-19 pandemic, is shown in supplemental Figure 2. ARIC, Atherosclerosis
Risk in Communities Study; CCHS, Copenhagen City Heart Study; CGPS, Copenhagen General Population Study; PROCAM, Prospective Cardiovascular Minster Study.
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Table 1. Patient, disease, and transplant characteristics of the Miinster discovery cohort by APOE carrier status

All patients APOE2 carriers APOE3/3 APOE4 carriers P
(n = 337) (n =47) (n = 224) (n = 66) value
Age, y, median (range) 59 (20-75) 57 (21-74) 59 (20-75) 59 (20-75) .90*
Sex, n (%) 761
Male 200 (59) 27 (57) 136 (61) 37 (56)
Female 137 (41) 20 (43) 88 (39) 29 (44)
Ethnicity, n (%) 261
European White 325 (96) 47 (100) 216 (96) 62 (94)
Other 12 (4) 0 (0) 8 (4) 4 (6)
ELN 2017 genetic risk, n (%) 801
Favorable 90 (27) 15 (32) 60 (27) 15 (23)
Intermediate 116 (34) 16 (34) 78 (35) 22 (33)
Adverse 131 (39) 16 (34) 86 (38) 29 (44)
Pretransplant remission status, 611
n (%)
CR 265 (79) 37 (79) 179 (80) 49 (74)
CRi 72 (21) 10 (21) 45 (20) 17 (26)
HCT-CI, median (range), points 2 (0-9) 2 (0-9) 1 (0-9) 2 (0-7) .35*
Recipient/donor HLA match, .99%
n (%)
10/10 matched, unrelated 201 (60) 30 (64) 131 (58) 40 (61)
10/10 matched, related 93 (28) 12 (26) 62 (28) 19 (29)
<10/10 matched, unrelated 33 (10) 4(9) 24 (11) 5(8)
Haploidentical 10 (3) 1(2) 7 3) 2(3)
Recipient/donor sex match, n (%) 991
Female donor/male recipient 44 (13) 6 (13) 29 (13) 9 (14)
All others 293 (87) 41 (87) 195 (87) 57 (86)
CMV risk, n (%) 91t
Standard risk 124 (37) 16 (34) 83 (37) 25 (38)
Seropositive recipient 213 (63) 31 (66) 141 (63) 41 (62)
Conditioning intensity, n (%) 231
NMA 5(1) 2 (4) 3 0 (0)
RIC 173 (51) 19 (40) 120 (54) 34 (52)
MAC 159 (47) 26 (55) 101 (45) 32 (48)
Stem cell source, n (%) 1.00%
PBSC 331 (98) 46 (98) 221 (99) 64 (97)
BM 6(2) 1(2) 3(1) 23
Transplantation period, n (%) 64t
2014-2019 162 (48) 20 (43) 108 (48) 34 (52)
2020-2024 175 (52) 27 (57) 116 (52) 32 (48)

P values describe the heterogeneity of baseline variables among APOE2 carriers, APOE3 homozygotes, and APOE4 carriers. Missing/incomplete observations were not included in group

comparisons.

ATG, antithymocyte globulin; BM, bone marrow; CMV, cytomegalovirus; CNI, calcineurin inhibitor; CR, complete remission; CRi, CR with incomplete recovery; ELN, European LeukemiaNet;

MAC, myeloablative conditioning; MMF, mycophenolate mofetil; MTX, methotrexate; NMA, nonmyeloablative conditioning; PBSC, peripheral blood hematopoietic stem cells; PTCY,

posttransplant cyclophosphamide; RIC, reduced-intensity conditioning.

*Kruskal-Wallis test.
‘rxz test.

1Fisher exact test.

1946 € blood® 24 APRIL 2025 | VOLUME 145, NUMBER 17

RONNACKER et al

920z Anc G0 uo 1senb Ag jpd "u rau-9889z0 -#20Z -P 19 POO |4 /99E0LEZ /EVET /LT /S¥T /4pd -8 |9 11 4e /poo |q /6 10 "suo 11ed | |gndyse //:d 13y wo 1} papeo juwoq



Table 1 (continued)

All patients

(n = 337)

APOE2 carriers

APOE3/3 APOE4 carriers P
(n = 224) = 66) value

ATG-based conditioning, n (%) 811
Yes 229 (68) 32 (68) 150 (67) 47 (71)
No 108 (32) 15 (32) 74 (33) 19 (29)

Posttransplant .30t
immunosuppression, n (%)
CNI/MTX 241 (72) 29 (62) 163 (73) 49 (74)
CNI/MMF 65 (19) 14 (30) 38(17) 13 (20)
CNI/PTCY/MMF 31 (9) 49 23 (10) 4 (6)

P values describe the heterogeneity of baseline variables among APOE2 carriers, APOE3 homozygotes, and APOE4 carriers. Missing/incomplete observations were not included in group

comparisons.

ATG, antithymocyte globulin; BM, bone marrow; CMV, cytomegalovirus; CNI, calcineurin inhibitor; CR, complete remission; CRi, CR with incomplete recovery; ELN, European LeukemiaNet;
MAC, myeloablative conditioning; MMF, mycophenolate mofetil; MTX, methotrexate; NMA, nonmyeloablative conditioning; PBSC, peripheral blood hematopoietic stem cells; PTCY,

posttransplant cyclophosphamide; RIC, reduced-intensity conditioning.
*Kruskal-Wallis test.
sz test.

tFisher exact test.

models’® were used for multivariable modeling of competing
risk end points. Variable selection was guided by clinically
established risk factors associated with posttransplant compli-
cations and outcomes. The heterogeneity of APOE genotype
effects among subgroups was assessed by test for interaction.
The multitree-based machine learning algorithm XGBoost was
used to understand the relative importance of APOE variants
among other clinical baseline variables, with the SHAP frame-
work (SHapley Additive exPlanations; R package SHAPforxg-
boost) used to postprocess the model results and to rank
potential risk factors.

The NetMHCpan algorithm*'*? was used to predict HLA class |
binding affinities of potential peptides (8- to 11-mers) encom-
passing the non-synonymous SNPs at rs7412 in graft-versus-
host (GvH) direction against the 7 most common HLA class |
alleles in the German population,43 as described in
supplemental Methods.

Statistical analyses and visualization were performed with R
(version 2023.12.1) and GraphPad Prism (version 10.2.3). Two-
sided P values <.05 were considered to indicate statistically
significant differences.

Results

APOE allelic distribution and recipient
characteristics

Patient flow is depicted in supplemental Figure 1, and APOE
genotyping results are provided in supplemental Table 1.
Baseline and transplant characteristics of the 337 transplant
recipients in the final Miinster discovery set are listed in Table 1.
Of the 337 patients, 47 (14%) carried at least 1 APOE2 allele (ie,
were heterozygous or homozygous), 224 (66%) were APOE3
homozygous (APOE3/3), and 66 (20%) carried at least 1 APOE4
allele. This distribution did not deviate from the Hardy-
Weinberg equilibrium (P = .50; Xz test), and the APOE allele
frequencies were consistent with the frequencies in previously
published epidemiologic studies, including the Prospective

APOE POLYMORPHISMS AND HSCT OUTCOME IN AML

Cardiovascular Miinster study® from the same region
(Figure 1B). APOE2 carriers, APOE3 homozygotes, and APOE4
carriers were similar with respect to age, sex, European Leu-
kemiaNet 2017 genetic risk, pretransplant remission status,
hematopoietic cell transplantation comorbidity index (HCT-CI)
scores, recipient/donor HLA and sex match, cytomegalovirus
(CMV) serostatus, antithymocyte globulin (ATG) treatment,
conditioning intensity, stem cell source, transplantation period,
and posttransplant immunosuppression (Table 1).

In the CoBi validation cohort, the frequencies of APOE2 car-
riers, APOE3 homozygotes, and APOE4 carriers were 17% (74/
436), 59% (257/436), and 24% (105/436), with no deviation from
the Hardy-Weinberg equilibrium (P = .57; »* test). Clinical
characteristics were not different among the 3 APOE genotypic
groups (supplemental Table 2).

Recipient APOE genotype and overall
posttransplant mortality

We first examined the effect of recipient APOE genetic variation
on survival after HSCT. In the Minster cohort, the median
follow-up was 3.5 years (range, 0-8.9), and the estimated 3-year
OS was 70% (95% confidence interval [Cl], 65-76). We found a
significantly higher risk of posttransplant death among patients
with AML who carried at least 1 APOE2 allele than those who
carried at least 1 APOE4 allele (hazard ratio [HR], 2.09; 95% Cl,
1.10-3.97; P = .024) or were APOE3 homozygotes (HR, 1.95;
95% Cl, 1.19-3.20; P = .008; Figure 1C). In contrast, we did not
detect differences in survival between APOE4 carriers and
APOE3/3 homozygotes (HR, 0.93; 95% Cl, 0.55-1.60; P = .80).
In the CoBi cohort, the median follow-up was shorter at 1.9
years (range, 0-6.3), and the estimated 3-year OS was 71% (95%
Cl, 65-77). Similar to the discovery cohort, APOE2-positive
transplant recipients exhibited significantly shorter OS than
APOE4 carriers (HR, 1.96; 95% CI, 1.03-3.74;, P = .040;
Figure 1D), whereas posttransplant survival did not differ
between APOE4 carriers and APOE3 homozygous individuals
(HR, 0.70; 95% ClI, 0.40-1.21; P = .20).
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We hypothesized that APOE germ line effects on survival were
linked to the allogeneic HSCT procedure and leveraged whole-
exome sequencing data from the Beat AML 2 database to
analyze APOE genotypic effects in patients with AML who did
not receive transplant (supplemental Figure 2). Notably, survival
in the 295 individuals who never underwent transplantion was
similar among APOE2 carriers, APOE3 homozygotes, and
APOE4 carriers, and no adverse APOE2 effects were observed
(APOE2 vs APOE4; HR, 0.89; 95% ClI, 0.56-1.40; P = .60;
Figure 1E). Conversely, among participants from the general
population participating in the UK Biobank, APOEZ2 carrier
status was associated with a significantly reduced risk of death
over 3 years of observation, compared with APOE4 carriers and
APOE3/3 homozygous individuals (APOE2 vs APOE4: HR, 0.79;
95% Cl, 0.74-0.85; P < .001; APOE2 vs APOE3/3: HR, 0.92; 95%

Cl, 0.86-0.98; P = .012), both in a prepandemic period (January
2017 to December 2019; n = 389 547; Figure 1F) and in a
period encompassing in part the severe acute respiratory syn-
drome coronavirus 2 pandemic (April 2019 to March 2021;
n = 386 186; supplemental Figure 3). In the transplant cohorts,
we found no interaction between APOE genotype and risk of
death by prepandemic and intrapandemic/postpandemic time
of HSCT (Pinteraction = -41; supplemental Figure 4).

Taken together, these findings suggested that in patients with
AML, common hereditary variants of APOE affect outcomes
specifically in the setting of allogeneic HSCT. The observation
that APOE2 associates with a higher risk of posttransplant death
was particularly surprising, given its association with an
increased life span in the general population.
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Figure 2. APOE germ line variation and posttransplant complications in patients with AML. (A-B) Cumulative incidences of grade 3 to 4 acute GVHD (A) and severe
chronic GVHD (B), adjusted for relapse and death without GVHD, by APOE carrier status in patients with AML receiving allogeneic HSCT in the merged cohorts. (C-D)

Cumulative incidences of NRM (C) and relapse (D) by APOE carrier status.
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Figure 3. Forest plot of multivariable adjusted risks of primary and secondary end points by recipient APOE carrier status. Adjustments were made for patient age,
ELN 2017 genetic risk, HCT-Cl scores, pretransplant remission status, ATG treatment, conditioning intensity, recipient/donor HLA match, and recipient/donor sex match. Ref,

reference.

Drivers of recipient APOE genotype effects on
posttransplant outcome

To further dissect the drivers of adverse APOE2 effects, we
analyzed competing risk end points using both the discovery
and validation cohorts combined as a single cohort to maxi-
mize the available sample size (supplemental Table 3). The
cumulative incidence of grade 3 to 4 acute GVHD was
nonsignificantly increased in APOEZ2 carriers (APOE2 vs
APOE4: HR, 1.79; 95% Cl, 0.81-3.95; P = .15; Figure 2A), and
the risk of severe chronic GVHD was increased among APOE2
carriers relative to APOE4 carriers or APOE3 homozygotes
(APOE2 vs APOE4: HR, 2.57; 95% ClI, 1.23-5.38; P = .012;
APOE2 vs APOE3/3: HR, 1.97; 95% Cl, 1.14-3.40; P = .015;
Figure 2B). APOE2 carriers also had a higher risk of death
without AML relapse (APOE2 vs APOE4: HR, 2.04; 95% Cl,
1.06-3.94; P = .034; Figure 2C), whereas relapse risk was not
different (APOE2 vs APOE4: HR, 1.32; 95% Cl, 0.78-2.23;
P =.29; Figure 2D). Notably, trends toward increased NRM and
severe chronic GVHD incidence were observed independently
in the 2 cohorts (supplemental Figure 5). The distribution of
causes of death showed no significant differences between
APOE2, APOE3, and APOE4 carriers (supplemental Table 4).
However, preceding grade 3 to 4 acute or severe chronic
GVHD was observed in 7 of 21 APOE2 carriers (33%), 5 of 63
APOE3 homozygotes (8%), and 2 of 17 APOE4 carriers (12%)
who succumbed to relapse.

APOE POLYMORPHISMS AND HSCT OUTCOME IN AML

The adverse effects of the APOE2 allele on posttransplant OS,
chronic GVHD, and NRM were confirmed after adjusting for
age, AML genetic risk, HCT-CI, pretransplant remission status,
ATG treatment, conditioning intensity, and recipient/donor
HLA and sex match (Figure 3; supplemental Table 5). Additional
risk factors included older age (for OS and NRM), adverse
genetic risk (for OS and relapse), high HCT-CI (for NRM), and
non-ATG conditioning and male recipient/female donor sex
mismatch (for severe chronic GVHD). No significant interaction
of baseline or transplant variables with APOE2 effects was
observed with respect to OS (supplemental Figure 4).

When analyzing global parameters of posttransplant immune
reconstitution, no differences in humoral or cellular recovery
after HSCT were observed between the 3 genotypic groups
(supplemental Figures 6-7).

Donor APOE germ line variation and
posttransplant outcomes

In addition to the liver, the hematopoietic compartment has
been shown to produce APOE in humans. Therefore, we asked
whether donor APOE genotype might also affect posttransplant
outcomes and investigated this in an exploratory analysis of 452
recipients from both cohorts for whom corresponding donor
DNA was available (supplemental Figure 1). Clinical character-
istics of patients who received transplant from APOE2, APOE3/
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Figure 4. Posttransplant complications in APOE2 noncarriers by donor APOE status. (A) Sankey diagram depicting the distribution of recipient and donor APOE status.
(B-C) Cumulative incidences of grade 3 to 4 acute GVHD (B) and severe chronic GVHD (C) by donor APOE status. (D-E) Incidences of NRM (D) and relapse (E) by donor APOE
status.

3, or APOE4 donors were similar (supplemental Table 6). Of 452
patients, 59 (13%) received allografts from APOE2-carrying
donors, 287 (63%) received APOE3/3 allografts, and 106 (23%)

received allografts from APOE4-carrying donors. A nonrandom
higher probability of receiving an APOE carrier status—
concordant allograft (Figure 4A) was observed in related vs
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Figure 5. Integration of donor and recipient APOE genotype effects on GRFS. (A) GRFS by donor/recipient APOE genotype combination. In all constellations listed, the
first APOE genotype refers to the donor and the second to the recipient. GRFS was compared across all subgroups using a global log-rank test. (B) Forest plot of multivariable
adjusted risks for primary and secondary end points, stratified by the presence or absence of the APOE2 gene in either the host or the allograft. Adjustments were made for
patient age, ELN 2017 genetic risk, HCT-CI, pretransplant remission status, ATG treatment, conditioning intensity, recipient/donor HLA match, and recipient/donor sex match.
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unrelated donor transplants (eg, APOE2 carriers receiving an
APOE2-positive graft, 50% [10/20] in related vs 12% [5/43] in
unrelated transplants; P < .001; ¥? test).

OS did not differ by donor APOE genotype (APOE2 vs APOE3/
3: HR, 1.40; 95% Cl, 0.85-2.29; P = .19; APOEZ2 vs APOE4: HR,
1.14; 95% Cl, 0.65-2.00; P = .65; supplemental Figure 8).
Because graft APOE genotype is potentially modifiable by
donor selection, we next analyzed the effects of donor geno-
type separately in transplant recipients who carried the APOE2
risk allele and in those who did not. In APOE2-positive patients,
donor APOE genotype had no further effect on the risk of
GVHD development (supplemental Figure 9). In contrast,
recipients without an APOE2 allele who received transplant with
APOE2-positive allografts were more likely to experience grade
3 to 4 acute GVHD (HR, 2.42; 95% Cl, 1.07-5.45; P = .034;
Figure 4B) and severe chronic GVHD (HR, 2.47; 95% ClI, 1.10-
5.56, P = .028; Figure 4C) than those who received APOE3
homozygous grafts. The association of APOE2 allografts with
severe acute and chronic GVHD remained significant in multi-
variable analyses (supplemental Table 7). No significant differ-
ences in cumulative incidence of relapse and NRM by donor
genotype were observed among non-APOE2 recipients
(Figure 4D-E) or among recipients of all genotypes
(supplemental Figure 10). Patients who received transplant from
APOE4-positive donors showed delayed T-cell reconstitution in
the CD4™ compartment, and B-cell counts were reduced in
patients with APOE2-positive allografts, whereas no difference
in natural killer—cell reconstitution was observed (supplemental
Figures 11-12).

In theory, the observed effects could be the result of APOE-
derived peptides presented on HLA molecules as minor histo-
compatibility antigens (MiHAs). In this scenario, T cells from
donors negative for APOE2, and therefore, not tolerant to the
APOE2-defining rs7412 SNP, could recognize peptides
encompassing the relevant SNP in APOEZ2-positive patients,
presented by HLA matched between patient and donor
(APOE2 GvH mismatch). This scenario applied to 48 donor-
recipient pairs. However, we did not observe a higher risk of
GVHD in this subgroup than the 15 pairs without an APOE2
GvH mismatch (grade 3 to 4 acute GVHD: HR, 0.78; 95% Cl,
0.21-2.99; P = .72; severe chronic GVHD: HR, 1.24; 95% CI;
0.38-4.07; P = .72). Furthermore, in silico prediction of HLA-
binding affinities of peptides encompassing rs7412 demon-
strated that only the HLA alleles B*08:01, B*15:01, and B*51:01,
collectively representing ~23% of the population in Germany,**
showed relevant predicted HLA binding (supplemental
Table 8). The incidence of GVHD, however, did not differ
between patients with a mismatch at rs7412 who carried at least
1 of the HLA alleles B*08:01, B*15:01, or B*51:01 and those
who carried none of these alleles (carriers vs noncarriers; grade
3 to 4 acute GVHD: HR, 0.92; 95% Cl; 0.24-3.45; P = .9; severe
chronic GVHD; HR, 0.88; 95% Cl, 0.27-2.85; P = .83).

Integrated analysis of APOE2 effects in donor and
host

Because recipient and allograft APOE genetic variation differ-
entially affected the risk of relapse, GVHD, and death, we
performed an integrated analysis of the combined effects of
recipient and donor APOE status on the composite end point
GRFS, which reflects the major complications of HSCT.
Consistent with our findings described above, non-APOE2
individuals who received grafts from APOE2 donors were more
likely to experience a GRFS event than patients who received
transplant from APOE3/3 donors (APOE2 vs APOE3/3 graft: HR,
2.06; 95% Cl, 1.32-3.22; P = .001; supplemental Figure 13A). In
contrast, no donor APOE genotype effects on GRFS were
observed in APOE2-positive recipients (supplemental
Figure 13B). When analyzing all recipient/donor genotype
combinations, the APOE2 allele consistently conferred a higher
risk of a GRFS event, whether it was present in the recipient or
transplanted with the graft (APOE2 ccipient or donors Figure 5A).
APOE2,ipient or donor remained significantly associated with OS
(P = .004), acute and chronic GVHD (P = .002 and P = .001,
respectively), NRM (P = .047), and GFRS (P < .001) after muilti-
variable adjustment (Figure 5B; supplemental Tables 9-10).

Finally, we used the XGBoost algorithm, a gradient boosting
ensemble of decision trees widely used for classification tasks,
to understand the relative importance of the APOE2 allele
among other clinicopathological variables on GRFS. When
potential drivers of risk for a GRFS event were quantified using
the SHAP framework, APOEZcipient or donor Was among the
most influential features, ranking second only to patient age
and above established risk features, including AML genetic risk
and recipient/donor HLA or sex matching (Figure 5C).

Discussion

Although the link between APOE germ line variation and
cognitive impairment has long been established, its role in
immune regulation and antitumor immunity has only recently
been recognized.**** Our study is, to our knowledge, the first
to examine the impact of common hereditary APOE variants in
the context of allogeneic HSCT. We identify APOE2, which is
otherwise associated with longevity and a reduced risk of
dementia and cardiovascular events,”®?*** as a germ line risk
allele for posttransplant complications in AML, when carried by
the patient or when transferred by the graft from APOE2-
positive donors. The potential clinical impact of our findings is
significant, given the high prevalence of the APOE2 allele in up
to 15% of the general population and the availability of risk-
reduction strategies, such as individualized GVHD prophylaxis
or, ultimately, personalized donor selection.

Several potential mechanisms may be at the basis of our findings.
The APOE2-encoded protein differs from the other 2 variants due
to the amino cysteine at positions 112 and 158, resulting in

Figure 5 (continued) (C) SHAP beeswarm plot for prediction of GRFS with XGBoost. GRFS was binarized at the 12-month landmark, and patients censored before 12 months
of follow-up (n = 149) were excluded. Automatically selected input features are ranked from most influential (top) to least influential (bottom). Dots represent individual
patients. On the x-axis, SHAP values indicate the magnitude and direction of how a feature affects the final prediction of a GRFS event in the first year after HSCT. Age and
HCT-ClI were treated as continuous variables, with higher feature values (red) representing older patients or higher HCT-Cl scores, respectively. All other variables were
categorical, and red dots indicate APOE2 positivity (in host or allograft), adverse genetic risk, no ATG treatment, HLA mismatch, myeloablative conditioning, donor sex
mismatch (male recipient/female donor), and CRi before HSCT, respectively. Features are sorted on the y-axis according to their importance. We provide SHAP values for the

model with average values of 100 runs.
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poorer binding to lipoprotein surface receptors.*>* It is tightly
linked to hereditary type Il hyperlipoproteinemia, in which it is
homozygous in >90% of affected individuals.*”** The associations
we describe with allogeneic HSCT outcomes raise the intriguing
hypothesis of a role for lipid metabolism in the complex immu-
nological mechanisms associated with this treatment, in line with
recent evidence from others.*”° Notably, the APOE locus on
human chromosome 19913.32 is proximal to the polymorphic
killer immunoglobulin-like receptor (KIR) gene locus on 19913.4.
Extensive research to associate KIR variability with HSCT out-
comes has yielded conflicting and inconclusive results.”'>* In our
study, we found no effect of donor or recipient APOE genotype on
natural killer—cell reconstitution. Further analysis, for example,
correlation with donor-recipient KIR genotypes, might help
elucidate this issue, although it is beyond the scope of this study.
In addition, APOE isoforms have been shown to differentially
influence the gut microbiome,>® which in tum has been implicated
in the development and severity of GVHD.***® Finally, mis-
matched APOE-derived peptides could theoretically be pre-
sented as MiHAs on HLA class | molecules, triggering alloreactive
T-cell responses. However, we observed adverse APOE2 effects
even in transplant recipients with no disparity at the rs7412 locus,
suggesting that APOE2 isoform effects are more likely to be
explained by biological function rather than by HLA presentation
and T-cell recognition of mismatched peptides. The observation
that APOEZ2 grafted from a positive donor into a negative patient
was also associated with increased GVHD further argues against
patient APOE2-derived MiHAs as the primary mechanistic expla-
nation for our findings. Finally, no APOE variants were not iden-
tified in a recent comprehensive analysis of the dominant
repertoire of HLA class I-restricted MiHAs.>“°

Several studies have shown that APOE may act as a mediator of
antigen presentation and T-cell activation with isoform-specific
effects,**?*°" yet its role in immune regulation is complex and
not fully understood. This is even more true in the setting of stem
cell transplantation, in which donor-derived hematopoietic APOE
adds an additional layer of complexity. Nevertheless, our find-
ings show parallels with previous studies investigating immune
effects of APOE isoforms in other disease contexts. In COVID-19,
in which APOE2 and APOE4 alleles were associated with
decreased survival in mouse models, both APOE2 and APOE4
transgenic mice showed suppressed adaptive immune responses
early after infection, but APOE4 mice generated robust antiviral
T-cell immunity at later disease stages.® Mirroring this, APOE4-
positive allografts were linked to a lower risk of acute GVHD and
delayed immune reconstitution early after transplantation.

There are limitations to the interpretation of our results. First, our
study is retrospective in nature, and therefore, our findings
should be interpreted as associative rather than proving a cause-
and-effect relationship. Second, although we were able to
obtain consistent results in the discovery and an independent
validation cohort, the numbers in the APOE2 and APOE4 sub-
groups in each of them are still limited, especially in the sub-
cohort with available donor genotype. Therefore, it is important
to emphasize that it would be premature to draw firm conclu-
sions regarding the selection of stem cell donors. Third, given
the low prevalence of APOE2 or APOE4 homozygosity in our
leukemia cohorts, similar to the general population, it remains
unclear whether there is a gene dose effect. Future efforts may
define a more nuanced understanding of the impact of donor

APOE POLYMORPHISMS AND HSCT OUTCOME IN AML

APOE genotype and zygosity on HSCT outcomes, using at least
high 4-digit sample sizes and more geographically diverse,
multiancestry cohorts. Fourth, it remains to be shown whether
our results can be generalized to patients receiving HSCT for
indications other than AML, although we observed that APOE
genotype was primarily linked with common procedural com-
plications of HSCT. Similarly, further studies are needed to
investigate whether our findings are applicable in the context of
posttransplant cyclophosphamide-based GVHD prophylaxis,
given the limited number of patients in this study. For this reason
and others, we acknowledge that it remains uncertain whether
our observations are relevant to transplant settings outside of
Germany or Europe. Fifth, we focused our genotyping efforts on
the 2 most common polymorphisms. Our study does not pro-
vide information on the potential impact of rare APOE variants,
such as Christchurch (R136S) or Jacksonville (V236E), which have
been shown to be protective against Alzheimer disease.®?*
Finally, because the APOE genotype provides information on
the risk of neurodegenerative and cardiovascular diseases,
knowledge of the results of genetic susceptibility testing may
cause emotional distress. In a prospective randomized trial of
the effects of APOE genotype disclosure to adult children of
patients with Alzheimer disease, patients who learned that they
were APOE4 positive did not show more anxiety, depression, or
test-related distress than those who did not learn their geno-
type.®* However, how disclosure of genotyping results would
affect patients who are evaluated for transplantation or their
family donors needs to be studied.

Within these constraints, we provide, to our knowledge, the first
evidence that the inherited APOE2 variant of the APOE gene, in
recipients or donors, is associated with adverse outcome after
allogeneic HSCT. A better understanding of how recipient-
donor APOE genotype interactions cause posttransplant
complications could lead to APOE genotype-guided risk
stratification, tailored immunosuppressive strategies, as well as
more informed donor selection.
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